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first individual to scan was the 
first to cross the small road in 
100% of cases, compared to 
70% for the large road. On the 
large road the second-ranking 
male sometimes continued 
scanning while the elderly third 
male and alpha female took 
up the lead on the large-road 
progressions. The alpha male 
increased his rearward presence 
on the large road, whereas the 
alpha female showed a dramatic 
reduction in frequency of being 
last; in other words when the 
degree of risk increased she 
took up a more forward position. 
Additionally, when the alpha 
male was present in mixed-
group progressions containing 
one other adult male (N = 6, 
mean group size: 6.7), he was 
first to scan and cross in 50% of 
large road- crossings and last in 
only 33%. This suggests that his 
rearward position at other times 
was not due to fear. 
Modern Bossou chimpanzees 
encounter predators infrequently 
[6], and although humans 
themselves are not ‘predators’ 
of these chimpanzees, we 
propose that road-crossing, 
a human- created challenge, 
presents a new situation that 
calls for flexibility of responses 
by chimpanzees to variations in 
perceived risk. 
Crossing the large road and 
leaving forest for open areas 
are potentially risky situations 
for chimpanzees, reflected 
in increased waiting time. 
During dangerous excursions 
certain positions may be more 
advantageous than others, 
depending upon age and sex 
[4]. Adult males, less fearful and 
more physically imposing than 
other group members, take up 
forward and rearward positions, 
with adult females and young 
occupying the more protected 
middle positions. 
As hypothesised, the 
Bossou chimpanzees employ a 
phylogenetically-old mechanism 
to adapt to a more recent 
dangerous situation. However, 
the positioning of dominant 
and bolder individuals, in 
particular the alpha male, 
changed depending on both the 
degree of risk and number of 
adult males present; dominant 
individuals act cooperatively 
with a high level of flexibility to 
maximise group protection. At a 
proximate level each individual 
may have preferred and 
recognised positions; however, it 
is unknown whether positioning 
is individual- or rank-specific. 
Data on progression orders of 
other great ape populations are 
required, and would help shape 
hypotheses about emergence of 
this aspect of hominoid social 
organisation.
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It is an enduring mystery how 
organelles were first established 
in eukaryotes. A key player in 
this saga is the thecate amoeba 
Paulinella chromatophora 
which over 100 years ago [1] 
showed naturalists that once 
free-living cells could exist as 
endosymbionts [2]. This species 
has the honor of being the only 
known case of an independent 
primary (cyanobacterial) plastid 
acquisition [3,4] and is a model 
for understanding plastid 
establishment. The Paulinella 
plastid, often referred to as 
the cyanelle, retains typical 
cyanobacterial features such as 
peptidoglycan and phycobilisomes, 
but is considered to be a bona 
fide endosymbiont because it is 
no longer bound by a vacuolar 
membrane but lies free in the 
cytoplasm, its number is regulated, 
suggesting genetic integration, and 
it cannot be cultured outside the 
host [5–7]. Paulinella is, however, 
difficult to culture, and so it 
has resisted detailed molecular 
biological investigation. Here 
we took advantage of a Lambda 
DASH II phage library made from 
limited amounts of Paulinella total 
genomic DNA to reconstruct the 
evolutionary history of its recently 
established plastid [3]. Our data 
show the Paulinella plastid genome 
to have characteristics typical 
of cyanobacterial, not plastid 
genomes.
The Paulinella library was 
screened with the highly conserved 
psbA, psbC and 16S rDNA plastid 
genes from the glaucophyte 
Glaucocystis nostochinearum. 
Two plastid inserts of 9.4 kb and 
4.3 kb were obtained by this 
approach; a third, 5 kb fragment 
has already been described [3]. 
Because the P. chromatophora 
culture is not axenic (see [3]), we 
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the phage library to establish the 
identities of the different culture 
inhabitants. Sequence analysis 
revealed 20 clones from two 
classes of prokaryote-derived 
rDNA genes (see Figure S1 in the 
Supplemental data available on line 
with this issue). An additional 
PCR product was sequenced that 
encodes the previously reported 
nuclear rDNA [8] from Paulinella 
that has Euglyphidae homologs. 
The first class of prokaryotic 
genes, from two clones, is identical 
to a sequence from isolated, 
washed Paulinella plastids [3], 
and is of cyanobacterial origin. 
The second class is rDNA from 
bacterial lineages representing 
18 distinct, putative culture 
inhabitants (Figure S1). One is a 
Pseudomonas-like sequence (e.g. 
PC9, 11 distinct clones found); 
one is Agrobacterium- like (PC3); 
two are related to Solibacter (PC1 
and, PC7, two distinct clones 
found); and two are related to 
low G + C Gram-positive bacteria 
(e.g. PC18 and PC22, four 
distinct clones found). Clearly, 
the Paulinella culture contained 
a wide variety of bacteria that we 
have likely incompletely sampled 
in our PCR screen. Despite the 
contaminants, the identity of 
the cyanobacterial- like small 
subunit rDNA found in our 
work with the gene Marin et al. 
[3] sequenced from isolated 
Paulinella plastids assures us 
that the culture contains only a 
single cyanobacterial-derived 
rDNA sequence, derived from the 
plastid genome. The Paulinella 
plastid rDNA is most closely 
related to those from a clade of 
Synechococcus species defined 
by strains WH5701, BS4, and 
kpr27rc (Bayesian posterior 
probability = 1.0) within a larger 
clade of Prochlorococcus and 
Synechococcus (PS, Figure S1) 
cyanobacteria [3].
Alignment of the 9.4 kb 
plastid genome fragment with 
the homologous regions in PS 
cyanobacteria is shown in Figure 
1A. This comparison reveals strong 
conservation of plastid gene order 
to Synechococcus sp. WH5701, 
with the level of conservation to 
closely related cyanobacteria 
approximately related to the Paulinella 
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Figure 1. The Paulinella chromatophora plastid genome.
Alignment of the (A) 9.4 kb and (B) 4.3 kb plastid genome fragments from Paulinella with 
homologous regions in closely related cyanobacteria. The GC-content from a sliding 
window analysis is shown above the plastid regions. The genes are for: photosystem 
II manganese-stabilizing polypeptide, PSBO; ATP-sulfurylase, CYSD; cell division pro-
tein, FTSH; KDPG and KHG aldolase, EDA; chorismate synthase, AROC; photosystem 
II reaction center protein D1, PSBA; elongator protein 3/MiaB/NifB, NIFB; possible so-
dium dependent transporter, Na-T; conserved hypothetical protein, HP, HP1, HP2, HP3; 
putative glutathione S-transferase, GSTC; conserved hypothetical membrane protein, 
MP; aspartoacylase, ASTE; ABC transporter ATP binding protein, ABC transporter. Only 
HP2 is homologous in Paulinella and Synechococcus WH5701. (C) Location of plastid 
genes in the plastid or the nucleus of other photosynthetic eukaryotes. Presence is (+) 
and absence is (–).phylogenetic distance. Additional 
evidence that the Paulinella plastid 
is a recent acquisition comes 
from the gene distribution among 
cyanobacteria and eukaryotes. The 
9.4 kb fragment contains a number 
of genes that have been transferred 
to the nucleus in photosynthetic 
eukaryotes — for example, psbO 
is nuclear in all algae and plants 
(Figure 1C) — whereas only psbA 
and ftsH are maintained in plastid 
genomes. Equally significant is 
the elongator protein 3/miaB/nifB 
gene that is shared by the plastid 
and two Synechococcus species 
(Figure 1A). Unlike psbO, which is 
essential for photosynthesis, nifB is required for the biosynthesis of 
the iron–molybdenum (or iron–
vanadium) cofactor used by the 
nitrogen-fixing enzyme nitrogenase. 
One would expect this gene to 
be lost early in plastid evolution 
because of the high energetic costs 
of nitrogen fixation, and it is absent 
from photosynthetic eukaryotes. 
The remaining 4.3 kb fragment 
that we found, and the 5 kb 
fragment reported by Marin et al. 
[3], encode the psbA-HP-gstC-HP 
ABC transporter protein (Figure 1B) 
and 16S rRNA-ITS1-tRNA(Ile)- tRNA 
(Ala)-23S rRNA, respectively. The 
gene order in these regions is also 
typical of the PS clade. These 
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Figure 2. Maximum likeli-
hood (ML) tree for four 
 concatenated proteins, 
(FTSH, PSBA, PSBO and 
 elongation factor EF-Tu, 
TUFA). 
Data from all available cy-
anobacterial genome se-
quences are included in 
this analysis. ML bootstrap 
support values are shown 
on top and maximum parsi-
mony bootstrap values are 
below. The thick branches 
have >0.95 posterior prob-
ability in a Bayesian infer-
ence. Gloeobacter viol-
aceus and the Yellowstone 
Synechococcus strains 
(JA-3-3Ab, JA-2-3Ba) are 
used to root the tree. The 
PS clade is defined by Prochlorococcus–Synechococcus strains and is sister to the 
Paulinella plastid.data demonstrate the essential 
‘cyanobacterial’ nature of the 
Paulinella endosymbiont, and 
if our data are typical then the 
plastid genome is likely to be of 
cyanobacterial proportions rather 
than characteristic of a plastid 
genome. A multi-gene phylogeny 
using a concatenated data set of 
FTSH, PSBA, PSBO, and TUFA 
(isolated from Paulinella by PCR) 
confirms that the plastid originated 
from a member of the PS-clade 
(Figure 2), consistent with results of 
the rDNA analysis (Figure S1) and 
the gene order data (Figure 1). The 
individual protein trees are shown 
in Figure S2.
 The finding of large-scale 
morphological changes associated 
with a recent green algal 
engulfment in the katablepharid 
protist ‘Hatena’ underlines the 
extent to which endosymbiosis 
may modify organisms [9]. In 
the case of Paulinella, additional 
analyses of the plastid and the 
nuclear genome will help us 
better understand this primary 
endosymbiosis. A prediction is 
that genes required for organelle 
division (such as ftsZ) have been 
transferred to the nucleus and are 
now under host control. In addition, 
we would expect Paulinella has 
evolved a highly regulated transport 
system for directly connecting 
carbon metabolism of the host cell 
and the endosymbiont. A recent 
analysis shows that the main 
primary plastid-containing group 
(i.e., red, green [including plants], 
and glaucophyte algae) achieved this function through the co- option 
and retargeting of existing 
endomembane transporters to the 
plastid [10]. 
We suggest that the major 
insights into primary plastid 
establishment such as control 
of organelle division and carbon 
translocation [10] may come from 
analysis of the Paulinella nuclear 
genome rather than that of its 
recent endosymbiont. This makes 
Paulinella an ideal model for a 
complete genome sequencing 
project that could also include 
its closely related sister species 
P. ovalis, a heterotroph which 
feeds actively on cyanobacteria 
and other prey that have been 
identified in food vacuoles in 
its cytoplasm [7]. Comparison 
of these amoebal genomes will 
allow us to potentially identify the 
genetic inventions that underlie the 
critical transition from heterotrophy 
to photoautotrophy. 
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Supplemental data are available at 
http://www.current-biology.com/cgi/
content/full/16/17/R670/DC1/
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